Temperature-sensitive (ts) mutant tsDl of vesicular stomatitis virus, New Jersey serotype, is the sole representative of complementation group D. Clones derived from this mutant exhibited three different phenotypes with respect to electrophoretic mobility of the G and N polypeptides of the virion in sodium dodecyl sulfate-polyacrylamide gel. Analysis of non-ts pseudorevertants showed that none of the three phenotypes was associated with the temperature sensitivity of mutant tsDl. Additional phenotypes, some also involving the NS polypeptide, appeared during sequential cloning, indicating that mutations were generated at high frequency during replication of tsDl. Furthermore, mutations altering the electrophoretic mobility of the G, N, NS, and M polypeptides were induced in heterologous viruses multiplying in the same cells as tsDl. These heterologous viruses included another complementing ts mutant of vesicular stomatitis virus New Jersey and ts mutants of vesicular stomatitis virus Indiana and Chandipura virus. Complete or incomplete virions of tsDl appeared to be equally efficient inducers of mutations in heterologous viruses. Analysis of the progeny of a mixed infection of two complementing ts mutants of vesicular stomatitis virus New Jersey with electrophoretically distinguishable G, N, NS, and M proteins yielded no recombinants and excluded recombination as a factor in the generation of the electrophoretic mobility variants. In vitro translation of total cytoplasmic RNA from BHK cells indicated that post-translational processing was not responsible for the aberrant electrophoretic mobility of the N, NS, and M protein mutants. Aberrant glycosylation could account for three of four G protein mutants, however. Some clones of tsDl had an N polypeptide which migrated faster in sodium dodecyl sulfate-polyacrylamide gel than did the wild type, suggesting that the polypeptide might be shorter by about 10 amino acids. Determination of the nucleotide sequence to about 200 residues from each terminus of the N gene of one of these clones, a revertant, and the wild-type parent revealed no changes compatible with synthesis of a shorter polypeptide by premature termination or late initiation of translation. The sequence data indicated, however, that the Nprotein mutant and its revertant differed from the parental wild type in two of the 399 nucleotides determined. These sequencing results and the phenomenon of enhanced mutability associated with mutant tsDl reveal that rapid and extensive evolution of the viral genome can occur during the course of normal cytolytic infection of cultured cells. 
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three-nucleotide junction between the leader sequence and the N gene (24) . Thus, the mutations generated during persistent infection were not restricted to any specific region of the genome. These observations suggested that persistent infection could be an important source of biological variation in nature.
High mutability of VSV Indiana has been observed also during propagation of the virus in insect (Drosophila melanogaster) cells. In this instance, enhanced mutability was indicated by the accumulation of variants with multiple phenotypic changes during sequential passage (14) . The absence of cytopathogenicity in persistently infected mammalian cells and in insect cells may have been a relevant factor in the enhanced mutability of VSV Indiana. However, the low temperature of incubation and the different composition of the culture medium may have contributed to the apparent genetic instability of VSV Indiana when the virus was propagated in insect cells.
We now describe an instance of high mutability associated with a ts mutant of the New Jersey serotype of VSV, which illustrates that high mutability can exist under conditions of lytic infection and that it is not a phenomenon uniquely associated with noncytopathic infection.
Mutant tsDl is the sole representative of complementation group D of VSV New Jersey (20) . This mutant exhibited an RNA-positive phenotype, and intracellular viral polypeptide synthesis was not inhibited at restrictive temperature (26) . However, the virions of tsDl had two electrophoretically atypical proteins: both the G and the N polypeptides of mutant tsDl migrated faster in sodium dodecyl sulfate (SDS)-polyacrylamide gel than did the corresponding polypeptides of wild-type virus. Reversion of the ts phenotype was accompanied by restoration of normal N mobility, and none of 10 non-ts revertants showed any change in G mobility (27). Consequently, it was concluded that complementation group D represented the N-protein gene, an assignment at variance with expectation (21) .
Reinvestigation of the phenotype of mutant tsDl has established that the tsDl stock is heterogeneous and that temperature sensitivity is not associated with either the G-or the N-mobility difference. A 20 ,000 rpm for 1 h. The virion and DI particle zones were collected and concentrated by centrifugation. Both were resuspended in Tris-hydrochloride (pH 8.0) buffer and subjected to a second cycle of gradient centrifugation and concentration. Samples were negative stained with ammonium molybdate and examined by electron microscopy. The final DI particle preparation contained 98% homogeneous truncated particles, about one-quarter virion length, and <2% intact full-length virions. Coinfection of tsDl-infected cells with 100 electron microscope particles of this DI particle preparation per cell reduced the yield of infectious virus by 99%. Neutralization with specific antiserum. Guinea pig hyperimmune convalescent antiserum was generously provided by F. Brown, Animal Virus Research Institute, Pirbright, Surrey, England, and used at a final dilution of 1/150. Equal volumes of DI particle preparation and antiserum were held at +4°C overnight. Residual infectivity was reduced by more than ENHANCED MUTABILITY 379 4 logio units, and interfering activity was abolished. This neutralized DI virus was used in the experiments described in Table 5 .
Radiolabeling of viral polypeptides. SDS-polyacrylamide gel electrophoresis. The solubilized virus samples were heated to 100°C for 5 min before electrophoresis. The 3S-labeled polypeptides were analyzed by discontinuous slab gel electrophoresis in a 7.5% polyacrylamide-SDS gel as described by Marsden et al. (10) . The gels were stained with 2% Coomassie brilliant blue and dried under vacuum. The radioactive bands were located by autoradiography.
In vitro translation. Total cytoplasmic RNA was extracted from BHK or BS-C-1 cell monolayers at 5 h after infection, as described by Preston (17) . RNA was translated in vitro, using a micrococcal nucleasetreated, fractionated rabbit reticulocyte cell-free system (16, 18) .
Sequencing methods. The 3'-terminal sequences of the genome RNAs of tsDl and of a revertant were determined by adding a polyadenylated tail to the 3'-terminus of the purified RNA and then copying the RNA with reverse transcriptase from a p(dT)11-rA primer in the presence, one at a time, of each dideoxynucleoside triphosphate, as previously described for VSV Indiana (21) . The sequences adjacent to the polyadenylated tracts of the N mRNA's of tsDl and the revertant were analyzed in the same way, using p(dT)8-dC as primer, as described for VSV Indiana (13) . It was verified by in vitro translation before sequencing that the tsDl N mRNA specified the fastmigrating N polypeptide and that the revertant N mRNA specified an N polypeptide with normal mobility.
RESULTS
Heterogeneity of mutant tsDl of VSV New Jersey. Electrophoretic analysis of the virion proteins of clones isolated from the tsDl stock revealed that the mutant stock was heterogeneous, with three distinct phenotypes. These three phenotypes are illustrated in Fig. 1 , and Table 1 gives the frequency of isolation of clones with these phenotypes. All 48 clones iso- lated from the tsDl stock were temperature sensitive, but only 13 exhibited the atypical mobility of G and N ( Fig. 1, track 2) originally associated with tsDl. The majority (71%) of the clones had a normal N polypeptide and an aberrant G polypeptide (Fig. 1, track 3 ), whereas one clone was indistinguishable from wild-type virus (Fig. 1, track 1 ).
In contrast, stocks of wild-type VSV New Jersey and mutant tsE3 were homogeneous. Fifty clones of wild-type virus exhibited no detectable difference in polypeptide electrophoretic mobility. Forty-seven clones of mutant tsE3 exhibited the NS polypeptide mobility difference associated with this mutant (5) , whereas the remaining two clones had the non-ts phenotype and wild-type NS mobility characteristic of revertants of tsE3.
Wild-type (i.e., non-ts) revertants of the three components of the tsDl stock were obtained by isolation of virus from plaques appearing on monolayers at 390C to determine whether any of the observed polypeptide changes were correlated with temperature sensitivity. The results of these analyses are given in Table 2 , which shows that there was no association between change in polypeptide mobility and reversion to the non-ts phenotype. Indeed, several clones were isolated that had an additional mobility change affecting the NS polypeptide (Fig. 2 , tracks 2 and 3), which had not been observed earlier. These results indicated that mutant tsDl was genetically unstable and that the original observation of coreversion of the ts and N-mobility phenotypes was fortuitous.
Clones of mutant tsE3, on the other hand, isolated at 390C in the same experiment, showed complete concordance of reversion of the ts and NS mobility phenotypes (Table 2) , reconfirming the unique association of complementation group E with the NS polypeptide. Other experiments involving coinfection of this tsE3-derived clone and tsD1 yielded additional clones of tsE3, with mutational change affecting other polypeptides (Table 5 , experiment 1). In these experiments BHK-21 cell monolayers were infected with tsE3 alone, tsE3 plus tsD1 virions, tsE3 plus tsDI DI particles, and tsE3 plus tsD1 DI particles preexposed to neutralizing antibody and then incubated for 24 h at 310C. A total of 354 clones were isolated from cultures infected with mutant tsE3 alone, and none differed from the parental phenotype (i.e., they had the variant NS and M of the tsE3 parent). Therefore, the frequency (f) of spontaneous mutants with lesions affecting polypeptide mobility was -0.28%. By contrast, one of 62 clones (f = 1.6%) isolated from the progeny released from cells infected with tsE3 and tsD1 virions had a mutated M polypeptide with a mobility intermediate between that of the tsE3 parent and that of the wild type (Fig. 4) . Three of 191 clones (f = 1.6%) isolated from the progeny released from cells infected with tsE3 and tsD1 DI particles exhibited mutations affecting either the N (Fig. 8, track 3) or the G polypeptide (Fig. 5, track 2) . In these experiments, in which tsDl was the inducer and tsE3 was the target, DI particles were used to reduce the probability of recovery of infectious parental tsDl and to enhance the proportion of tsE3 clones in the progeny. It was evident from these results that coinfection with mutant tsDl enabled recovery of polypeptide mobility variants of tsE3 and that DI particles were as efficient inducers as the tsDl virion.
Clones were also isolated from a mixed infection of tsE3 and DI particles of tsDl pretreated with neutralizing antiserum, as described in Materials and Methods, to determine whether the apparent mutation-inducing ability of the tsD1 stock was a specific effect or due to an adventitious factor. One of 156 clones (f= 0.6%) differed from the tsE3 parent. The M polypeptide of this mutant migrated to a position intermediate between that of the tsE3 M and that of the wildtype M (not shown; similar to difference shown in Fig. 4 ). The result of this experiment was Table 5 X G (experiment 2). No variants (i.e., f -1.1%) were isolated from the tsG114(I) self-infection, a N whereas four variants of tsG114(I), all involving the G polypeptide, were present among 191 clones (f = 4.7%) isolated from the coinfection with tsDl DI particles. Figure 6 (track 2) shows a tsG114(I) mutant with a slow G. Preneutralization of the DI particles reduced the frequency of tsG114(I) mobility variants to <0.8%.
In another experiment (Table 5 , experiment 3), a mutant of Chandipura virus, a serologically distinct member of the vesiculovirus genus, with a variant N was isolated from the progeny of a X M coinfection with tsDl (Fig. 7, track 2) . The frequency of isolation was 2.4%, compared with a frequency of s1.5% in the absence of tsDl.
These results indicated that coinfection with Mhoresis of mutant tsDl (or a DI particle derived from it) (Fig. 8) , suggesting that the mobility changes resulted from alterations in the nascent polypeptides. The polyacrylamide gel system used in these experiments resolved the G precursor into two bands, possibly due to partial glycosylation in vitro (23) . When RNA from VSV Indiana variants with altered G polypeptide was translated (Fig. 9 ), one mutant (tracks 2 and 6) showed increased mobility whereas another (track 4) had the wild-type pattern (tracks 3 and 5). The same results were obtained with RNA extracted from both BHK and BS-C-1 cells. It is concluded, therefore, that an aberration of glycosylation could account for the atypical mobility of clone 80/3/27 (tracks 3 and 5) but not of clone 80/21/9 (tracks 2 and 6).
The results of these and other in vitro translation experiments are summarized in Table 6 , emphasizing that the observed mobility phenotypes are not due to post-translational processing except for certain G-protein mutants.
Absence of recombination. The possibility that these variants originated by a recombinational rather than a mutational process was examined by coinfection of BHK-21 cells with two clones of VSV New Jersey which had been derived in these experiments. These clones were temperature sensitive and had electrophoreti- (Fig. 10,  tracks 1 and 2) . Potential non-ts recombinants were selected by cloning from plaque-forming virus at 39°C, and 22 isolates were scored for the four unselected polypeptide mobility markers. All exhibited polypeptides characteristic of both parental viruses (Fig. 10, tracks 3 to 8, shows six of these isolates). In each case segregation of the two parental types was obtained by cloning at 31°C (e.g., Fig. 11, tracks 3 to 8) . All of these clones were temperature sensitive, indicating that the plaques obtained on monolayers at 39°C were the product of complementation, since the parental clones were derived from the complementing mutants tsE3 and tsDl. There was no evidence for the occurrence of recombination in this experiment, which involved four independent markers; therefore, it is unlikely that the variants described could have arisen by a recombinational event.
Comparison of the nucleotide sequences of the N-gene termini of clones of VSV New Jersey with distinctive N proteins. As already described, some clones of tsDl had an N polypeptide which ran faster than wild-type N on SDS-polyacrylamide gel, suggesting that the polypeptide was shorter by about 1,000 daltons (or 10 amino acids). Since revertants could be obtained, the phenotype of the mutant was due either to a real size change resulting from early termination of translation (a nonsense mutation) or late initiation of translation or to an amino acid substitution in a polypeptide of unaltered chain length. To examine the first possibility, the nucleotide sequences of the terminal regions of the N gene of a clone of tsD1, with mutant N, and a revertant of tsDl, with N of wild-type mobility, were determined and compared with the corresponding sequences of wild-type VSV New Jersey (12). The sequences for the three viruses are compared diagrammatically in Fig. 12 . The numbering of nucleotides follows the convention adopted for the 3'-terminal region of the genome RNA of VSV Indiana (11) and the 3'-terminal region of the N mRNA of VSV Indiana (13) .
The sequence of the genome RNA of VSV New Jersey has been determined from the 3'-end to residue 201, with the exception of residues 15 and 106 which remain ambiguous (12) . The 3'-terminal sequences of the virion RNA of mutant tsDl and its revertant have been determined for residues 16 to 212. However, in tsDI residues 147 and 148, and in the revertant residues 146 to 148, were unresolved. Residue 106 was unresolved in all three clones. Only one base change was seen; at residue 46 a C in wild type was replaced by a U in both tsDl and its revertant. Since this change occurs in the leader region and is present in both mutant and revertant, it cannot be involved in the N-mobility phenotype. The sequence complementary to the 5'-terminal region of N mRNA begins at residue 51, and the translation initiation codon is at residues 64 to 66. There are no base changes in either virus to residue 212, a region encoding 50 amino acids. The unresolved regions (106, 146 to 148) do n6t appear to offer any possibility for generation 6f the short polypeptide phenotype by late imniition of translation.
The 3'-terminal sequence of the N mRNA of wild-type VSV New Jersey has been determined up to residue 205, numbered from the polyadenylated 3 tail (13). Sequences were also obtained for the 3'-terminus of the mRNA of mutant tsDl and its revertant to residue 205. Residues 97 to 99 were not determined for tsDl and its revertant due to strong compression of the bands here, using the standard method. The wild-type sequence was determined by using more severe denaturing conditions. The presence of the same compression phenomenon in all three RNAs, however, suggests that the sequences are identical. One change in sequence was found at residue 53, where an A residue in wild type was replaced by G in tsDl and its revertant. The translation termination codon is thought to be residues 45 to 47. Therefore, the above base change would correspond to replacement of asparagine in the wild type by aspartic acid in tsDl and its revertant. This is unlikely to be responsible for the N-polypeptide mobility phe'. notype, since it is found in both mutant and revertant. (Interestingly, the sequence in the corresponding position in VSV Indiana is the same as that of tsDl and its revertant.) All three sequences then predict the same amino acid sequence for a further 16 The sequence data indicated also that silent mutational changes were present in addition to the mutations affecting polypeptide mobility. Consequently, the latter represented a subset of the total mutational load, and mutant tsDl did not induce a unique type of mutation expressed phenotypically as a change in polypeptide mobility.
The most remarkable aspect of the mutability associated with tsDl was its apparent transmissibility. Mutations were detected in other viruses multiplying in the same cells; the target viruses in which mutations were induced included the complementing mutant tsE3 of VSV New Jersey, mutant tsG114(I) of VSV Indiana, and mutant tsCh851(ChV) of Chandipura virus. Incomplete virions of tsDl appeared to be equally effective. The frequency of induction of mutants in the target viruses in coinfection with tsDl was greatly reduced by preexposure of the tsDl mutant to specific antiserum. Therefore, the induction of mutation appeared to be related specifically to mutant tsDl, rather than to some undefined adventitious factor present in the tsDl stock.
The mechanism underlying the mutability associated with mutant tsDl has not been elucidated. However, a hypothesis compatible with the data is that mutant tsDl specified an RNA polymerase with impaired fidelity of transcription which generated sequence changes during replication. This hypothesis can accommodate the two salient features of the phenomenon, i.e. the transmissibility and the effectiveness of incomplete virus. For instance, it is possible that mutant tsDl could induce mutation in heterologous target viruses by polymerase action, since it has been shown that the polymerase of VSV New Jersey (Concan strain) can function efficiently on a heterologous VSV Indiana template (22) . Similarly, the mutability of the DI particles of tsDl could be mediated indirectly by polymerase action since only the template and not the enzyme is defective. This would necessitate reassociation of the polymerase components of the DI particle with the heterologous virion template in coinfected cells. In vitro reconstitution experiments using heterologous mixtures of the components of the transcription system have only succeeded with VSV Indiana and VSV Cocal so far, and not with mixtures of VSV Indiana and New Jersey or VSV Indiana and Chandipura virus (1) . Therefore, a direct test of this hypothesis is probably not feasible. None of the mutations described were related to the temperature sensitivity of mutant tsDl. Therefore, it is not possible to make a gene assignment for complementation group D from these data. The N-gene assignment suggested by Wunner and Pringle (27) is clearly incorrect, and other evidence suggests that complementation group D should correspond to the G gene (21) . Reversion of the G-mobility difference, however, was never obtained during sequential cloning without prior reversion of N (see Table 3 ). 
